With the growing interest to use engineering composite structures, much attention is devoted to the development of non-destructive testing (NDT) techniques for impact evaluation. Eddy current pulsed thermography (ECPT) is an emerging NDT technique, which is firstly investigated for crack evaluation in carbon fiber reinforced plastic (CFRP) in 2011 and the preliminary results have shown the significant potential. However, the research is limited by the experimental conditions. In this work, the detection mechanism for carbon fiber structure and impact are analyzed through theoretic analysis and validated by experimental studies under reflection and transmission modes. Laminates impacted with different energies from 4 J to 12 J are characterised. The qualitative and quantitative conclusions for impact behavior understanding are outlined, which is helpful to develop the reliable instruments for quality control and in-service inspection of CFRP.
Introduction
In recent decades, there has been an increasing interest in the use of carbon fiber reinforced plastic (CFRP), in the aerospace, renewable energy and other industries, due to low weight and relatively good mechanical properties compared with traditional metals. However, Carbon fiber composite materials have relatively poor properties in the direction transverse to their reinforcing fibers, with notably low resistance to impact. Impact events are inevitable during the lifetime of a composite structure, occurring during both service and maintenance in the form of collisions with stones or tools. Such events can cause extensive internal delamination. This damage, while often difficult or even impossible to detect at the surface of the material, severely degrades the loadbearing capacity of the structure [1] .
To achieve these problems, NDT techniques based on acoustic, like ultrasonic testing [2] , acoustic emission [3, 4] are widely used. More recently, fiber Bragg grating (FBG) sensors are shown to have sufficiently high sensitivity for sensing acoustic waves [1, 5, 6 ]. In addition, more and more NDT methods, such as eddy current [7] , microwave [8] , speckle shearing interferometry [9] , and infrared (IR) thermography [10] are investigated. Eddy current thermography is an emerging NDT technique, which combines the advantages of conventional eddy current testing and thermal wave testing. It has greater inspection speed and depth, higher resolution than eddy current. Unlike flash thermography, eddy current thermography does not rely on the surface conditions of material under test. Comparing with ultrasound, it does not require the couplant. With respect to excitation methods, eddy current thermography can be classified into these groups: eddy current pulsed thermography (ECPT) [11] , eddy current lock-in thermography [12] and eddy current pulsed phase thermography [13, 14] . Eddy current pulsed thermography combines the advantages of pulsed eddy current (transient analysis and eddy current interpretation [15] ) and merits of thermography (fast and high resolution), which has been widely used for damage detection in metallic alloy [16, 17] . In 2011, it is firstly investigated for crack evaluation in CFRP [18] and the preliminary results show the significant potential. However, the research of eddy current pulsed thermography for CFRP inspection is limited by the experimental conditions as follows: (i) The previous work is conducted under reflection mode where excitation and data acquisition are carried out on the same side. The transmission mode, where the specimen is stimulated from one side whilst data is recorded on the opposite side, has not been studied. (ii) The previous work is focused on the artificial crack. The real damages like impact have not been studied and the qualitative and quantitative conclusions for impact evaluation are blank.
In this work, the inspection methods using eddy current pulsed thermography for real impact are investigated and compared under reflection and transmission modes, and some qualitative and quantitative conclusions are outlined. The rest of the paper is organised as follows. Firstly, the defect characterization methods are analyzed through theoretic analysis in Section 2. Then, ECPT experimental set-up and CFRP impacted samples are introduced in Section 3, which is followed by experimental studies and discussion in Section 4. Finally, conclusions and future work are outlined in Section 5.
Methodology
Eddy current pulsed thermography is a measurement technique, which induces eddy current in conductive material and detecting reflected thermal waves from boundaries of interfaces [11, 16] . Fig. 1 shows the basic diagram. There are two configurations: reflection mode where excitation and data acquisition are carried out on the same side and transmission mode where the specimen is stimulated from one side whilst data is recorded on the opposite side [19] .
According to different skin effect by eddy current induction, eddy current pulsed thermography involves two heating modes: (i) Near-surface heating. In this case, the skin depth is much small and can be neglected [20] . For example, ferromagnetic metals with high permeability have a much smaller skin depth (about 0.04 mm at 100 kHz). Thus, surface defect characterization is based on the eddy current interruption [21] while inner defect characterization relies on the heat diffusion [17] ; (ii) Volumetric heating. In this case, skin depth is much great. For example, the skin depth in CFRP with small conductivity (about 50 mm at 100 kHz) is significantly larger than the thickness of most real components [22] .
Due to the small conductivity of CFRP and the great skin depth, the heating mode in CFRP is volumetric heating. If there is a surface defect like crack or wall thinning [23, 24] , it leads to distortion on eddy current distribution, as depicted in Fig. 1 . The introduction of a slot in the EC path results in a diversion of the EC below the defect, causing an increase in EC density and resultant hot spots [21] . Thus, the defect area will show the high temperature (hot spot) under reflection mode. In addition, the heat will transfer to rear side (D) as the heat diffuse. Therefore, the surface defect also shows the hot spot at rear side under transmission mode. The conductivity of CFRP is inhomogeneous because of the carbon fiber structure and multi-layer structure. Some information at surface and rear surface (such as carbon fiber structure, and surface impact spot) can be observed in the heating phase, because they affect the eddy current distribution and then heating distribution. However, the inner information (the temperature difference by delamination) can be observed in the cool phase, because they mainly affect the heat diffusion. The specific mechanisms are discussed in detail as follows.
Carbon fiber and polymer matrix
The commonly used precursor to manufacture carbon fibers is rayon. The lower modulus material has a fiber electrical conductivity of 40,000 S/m and high modulus is 190,000 S/m [25] . Normally, the matrix material is nonconductor. Therefore, carbon fiber based materials show a low electrical conductivity. In CFRP inspection using eddy current pulsed thermography, the induced eddy currents in the carbon fibers can heat the fibers directly. While, there is no induced EC heating in the polymer matrix and their heat is from surrounding carbon fibers. Therefore, the carbon fiber will show the higher temperature than polymer matrix in the heat phase under both reflection transmission modes.
Impact
It has been proven that electrical resistance increases when the impact energy increases using electrical resistance-based tomography [26, 27] . In other words, the electrical conductivity decreases when the impact energy increases because the electrical resistance and conductivity have an inverse relationship. Moreover, impact can break partial carbon structure and then decrease the conductivity. The lower conductivity can lead to higher temperature than a sound area by eddy current in the heating phase. Consequently, the impact area will still show the higher temperature (hot spot) than sound area in the heat phase under both reflection mode and transmission mode. In addition, impact can cause delamination (disbonding between adjacent plies) when the impact energy is large enough. The temperature variation by delamination should be considered in impact analysis.
Experimental program

Eddy current pulsed thermography set-up
Eddy current pulsed thermography system is developed in School of Electrical and Electronic Engineering, Newcastle University, UK, as shown in Fig. 2 [11] . An Easyheat 224 from Cheltenham Induction Heater is used for coil excitation, which has a maximum excitation power of 2.4 kW, a maximum current of 400A rms and an Fig. 1 . Two detection modes for surface defect in CFRP. Fig. 2 . Eddy current pulsed thermography system. excitation frequency range of 150-400 kHz. The rectangular coil is constructed from 6.35 mm high-conductivity hollow copper tube and used as the eddy current stimulation. Water is pumped through the coil during operation to aid in cooling. The camera is Flir SC7500, which is a Stirling cooled camera with a 320 Â 256 array of 1.5-5 lm InSb detectors. The camera has a sensitivity of <20 mK and a maximum full frame rate of 383 Hz. The resolution is 30 lm. In the experiments, the thermograms are captured using the commercial software Altair and the unit of temperature is digital level (DL). The function generator is used to control the IR camera and induction heater. PC is used to set the parameters for camera and save the detection date.
Specimens
As shown in left bottom figure in Fig. 3 , CFRP samples have 12 layers of 5HS carbon fiber woven with balanced woven fabric [28] . The polymer matrix is made of Polyphenylene sulphide (PPS), a thermoplastic resin system [29] . The size of the plate is 100 Â 150 mm 2 and the average thickness is 3.78 ± 0.05 mm. The sample is with a 0.5 ± 0.03 volume ratio and 1460 kg/m 3 density.
The plates are produced by TenCate Advanced Composites, Netherlands. As illustrated in Fig. 4 , impact is fabricated in the middle of sample by free-hall of the hammer and the energy can be calculated by Eq. (1):
where m is the quality of hammer and h is the height of hammer before free-hall. In the experiments, m is 2 kg and h is various from 0.1 to 0.6 m in step of 0.1 m. Thus, the impact energy W can be calculated as 2, 4, 6, 8, 10 and 12 J in sequence. General impact characteristics for CFRP structures are illustrated in Fig. 4 . The small energy impact can result in a concave on the surface of the specimen. The big energy impacts can lead to not only a concave, but also the descending area outside of concavity, some protruding structure on the edge of concavity and on the rear side of sample. Fig. 5a and b shows the front side and rear side of 12 J impacted laminate using microscope. Clearly, some protruding structures are around the concavity on the front side while the protruding structures are in the middle of impact spot on the rear side. As shown in Fig. 5c -e for rear sides of 10 J, 8 J and 6 J impacted laminates, the protruding structures are decreased as the impact energy decrease. There is no protruding structure found on the rear sides of 2 J and 4 J impacted laminates. 
Results and discussion
Impact detection from thermograms
The impact laminates are tested using eddy current pulsed thermography under reflection mode shown in Fig. 6a and transmission mode shown in Fig. 6b , respectively.
The signal-to-noise ratio depends on the heating of the sample, which in turn depends on the power and the heating time. Therefore, the greater heating time can lead to the higher signalto-noise. However, thermal diffusion process can lead to the blurring of the image over time. As the power of the generator is limited, a compromise is necessary to get enough heat into the material under test and to have a good contrast in the image. This compromise is quite easy for most materials and results in heating time of about 50-200 ms [30] . In the experiments under reflection mode, the heating time is set after optimisation and comparison as 200 ms and the cooling time is set as 300 ms. Firstly, the front side of 10 J impact sample is tested. Fig. 7 shows the thermograms for front side and rear side of 10 J impacted laminate at 200 ms. The unit for x-axis and y-axis is pixel and the unit of temperature is digital level (DL). In Fig. 7a , there is a circle shape of higher temperature around impact. However, the middle area (concavity with thinner thickness) does not show the higher temperature. In Fig. 7b , the higher temperature distribution is concentrated.
In the experiments under transmission mode, the front side and rear side of 10 J impacted laminate are tested, respectively. In order to let heat conduct from surface to rear side, the greater heating time (1 s) and cooling time (500 ms) are applied. Some points (A, B, C, D and E) are selected to observe the temperature variation. Their locations are listed in Table 1 . Fig. 8 shows the thermogram of front side of 10 J impacted laminate at 50 ms under transmission mode. The carbon fiber structure (including A and C) is clear and matrix (including B and D) is low temperature. However, it is difficult to identify the impact. Fig. 9 shows the thermograms of front side and rear side of 10 J impacted laminate at 1 s under transmission mode. In Fig. 9a , points A-D show the high temperature and there is a circle shape higher temperature around impact like Fig. 7a . However, the middle area (concavity) does not show the higher temperature. The circle shape of higher temperature indicates that the lower conductivity caused by impact is focused on the impact edge but not in the middle on the surface. In Fig. 9b , the higher temperature by impact is like that in Fig. 7b . In this area, the partial broken structure leading to the lower conductivity is concentrated, as displayed in Fig. 5c .
Impact characterization from temperature response
Obviously, the fiber structure and polymer matrix will show the different transient temperature responses due to specific electric and thermal properties. Table 1 is suitable for carbon fiber mapping and that both latter heating phase and cooling phase can be used for impact characterization.
Both results under reflection mode and transmission mode illustrate that the detection of impact is mainly based on the carbon structure broken and conductivity change but not the thickness change using eddy current pulsed thermography. The carbon structure broken and lower conductivity can lead to the remarkable difference from sound area in eddy current heat phase.
Impact energy vs. damage
The front sides of 4 J, 6 J, 8 J and 12 J impacted laminates are tested under transmission mode. Fig. 11 shows the thermograms at 1 s from raw data using Altair software and Fig. 12 shows the thermograms reconstructed by principal components analysis [31, 32] . Obviously, 4 J impact cannot be observed from both raw data and reconstructed image. The hot temperature areas by 6 J and 8 J impacts are concentrated. 10 J and 12 J impacts lead to the circle shaped hot temperature distribution. The hot area (circle or point) can be used to identify the impact and predict the impacted size. However, it is difficult to extract the characteristic features to accurately quantify the impact energy from current work, which will be dug out in forthcoming work.
Conclusions
In this paper, an emerging NDT technique, eddy current pulsed thermography is investigated for CFRP testing and impact evaluation. The main contribution of this work includes:
(i) The detection mechanisms and qualitative conclusions are outlined and validated by experimental studies. Carbon fiber structure and impact leading to lower conductivity can be detected directly in the heating phase.
(ii) Impact shows the different hot spot shapes at the thermograms. The impact behavior for real damages are drawn. The hot area by impacts with 10 J and 12 J is like circle shape; the hot area by impact with 6 J and 8 J is concentrated; 2 J and 4 J impacts cannot be detected; (iii) Two detection modes are compared. Reflection mode is more suitable for in situ inspection, because there is no direct access to both sides for many practical components. However, the transmission mode is more suitable for manufacturing and testing, because the coil does not affect the camera view to object under this mode.
The future work will focus on improved experimental studies for damage localisation, material differentiations (like electrical conductivity, thermal conductivity, and diffusivity) evaluation caused by impact. 
